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Abstract. Dry grind corn milling does not reach full efficiency of starch conversion to sugars and 
subsequently to ethanol because of limitations in the milling process. This paper examines the use of 
high-power ultrasonics to enhance the release of fermentable sugars from milled dry corn. In this 
work, 20 kHz ultrasonic energy was used to pretreat corn mash prior to enzymatic conversion of corn 
starch to glucose in a batch-mode.  The ultrasonic amplitude was varied from 0, 191 to 320 µmpp.  
The corn mash was sonicated for 0 (control), 20 and 40 seconds. Other experimental variables that 
were studied included the effect of temperature and pretreatment sequencing, e.g., ultrasonic 
pretreatment before and after enzyme addition. It was found that the reaction rate kinetics of the 
enzymatic reactions increased threefold for sonicated samples.  Energy balance (efficiency) analysis 
indicated that ultrasound pretreatment released twice as much energy (as sugar) when introduced 
during pretreatment. Based on scanning electron microscopy examination and particle size analysis, 
the enhancement of the conversion was primarily attributed to particle size reduction, resulting in an 
increase in the surface area to volume ratio, which in turn increased the available enzymatic reaction 
sites. One of the most striking findings was that enzymes were not degraded by low level 
ultrasonication. In addition, the most significant increase in sugar yield was seen when the enzymes 
were added before ultrasonic pretreatment. Ultrasound has the potential to enhance the ethanol yield 
from cornstarch and reduce the production cost significantly in commercial dry corn milling ethanol 
plants. 
 
Keywords. Corn slurry, dry corn milling, enzyme activity, ethanol yield, starch, glucose yield, 
ultrasonic pretreatment. 
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Introduction 
The dependence of the world community on non-renewable fossil fuel reserves to maintain 
quality of life, is perhaps one of the most important problem facing the world today. Dwindling 
reserves in the face of rapidly increasing demands, combined with the environmental 
devastation resulting from global warming and acid deposition, requires development of a 
sustainable, affordable, and environmentally friendly energy source.  Ethanol is such a 
renewable clean fuel.  While other regions in the world derive ethanol from sugarcane, sugar 
beet, or cassava, in the United States, it is mainly produced from corn.  Ethanol production in 
US is expected to grow to 13 billion gallons by 2012 from the current 6 billion gallons to meet 
the recent Energy Policy Act (EPACT 2005) (Farrell et al. 2006).  The majority of this growth is 
likely to come from the expansion of farmer-owned cooperatives, which employ the dry grind 
method (National Corn Growers Association).  The corn is hammer-milled, mashed, cooked and 
treated with enzymes to break down the cornstarch to produce fermentable sugar.  The 
released sugar is fermented to ethanol by yeasts, and then recovered by distillation and 
molecular sieves.   
There has been much debate on the net energy gain from the conversion of corn to ethanol 
(Patzek, 2004; Patzek and Pimental, 2006).  Farrell et al. (2006) claimed that the net negative 
energy gain reported in the literature was due to omission of co-products and use of some 
obsolete data in the calculation.  There is also the possibility of improving the economics of dry 
corn milling ethanol plants by process improvements.  For example, shortening of liquefaction 
and fermentation times, lowering the enzyme dosages and elimination of some of the unit 
processes could be the basis of lowering the production cost.  The use of ultrasonic technology 
could provide a practical solution to improve ethanol yield and cut down the production cost by 
addressing all of such possible improvements.    
Ultrasound is sound waves at a frequency above the normal hearing range of humans (> 18-20 
kHz).  When the ultrasound wave propagates in a medium such as a liquid or slurry, it 
generates a repeating pattern of compressions and rarefactions in the medium.  Microbubbles 
are formed in the rarefaction regions due to excessively low pressure.  As the wave fronts 
propagate, microbubbles oscillate under the influence of variable pressure, thereby growing to 
an unstable size before violently collapsing. Cavitation is the phenomenon where microbubbles 
are formed and expand to unstable size, and then rapidly collapse.  The collapsing of the 
bubbles often results in localized temperatures up to 5,000 K and pressures up to 180 MPa 
(Suslick, 1990; Flint and Suslick, 1991).  The sudden and violent collapse of huge numbers of 
microbubbles generates powerful hydro-mechanical shear forces in the bulk liquid surrounding 
the bubbles (Kuttruff, 1991).  The collapsing bubbles disintegrate the particles by extreme shear 
forces. Another mechanism that occurs when a liquid is sonicated, is acoustic streaming. 
Acoustic streaming has been studied since 1831 (Faraday) and occurs at a solid/liquid 
(horn/slurry) interface when the solid interface experiences harmonic vibrations. The main 
benefit of streaming in corn slurry processing is mixing, which facilitates uniform distribution of 
ultrasound energy within the slurry mass, convection of the liquid and dissipation of any heating 
that occurs. 
Ultrasonication has been applied widely in various biological and chemical processes.  The use 
of high power ultrasound treatment enhanced starch-protein separation in a wet-milling 
operation (Zhang et al., 2005).  Ebringerová et al. (1998) employed ultrasound to aid the 
extraction of active xylan and heteroxylan from corncobs and corn hulls, respectively.  Wood et 
al. (1997) studied the effects of ultrasonic treatment on ethanol fermentation from mixed office 
paper. The authors demonstrated that sonication of recycled paper increased ethanol 
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production by as much as 20%.  However, the use of high power ultrasound in dry corn milling 
operation is a new concept. Since the release of starch from corn and subsequent conversion of 
starch to fermentable sugar is an enzyme-mediated reaction, reduction in corn particle size and 
efficient mass transfer of enzyme to substrate are the keys to enhance enzyme activity.  The 
use of high-power ultrasound further reduces the corn particle size due to cavitation and 
facilitates better mixing due to acoustic streaming.  Based on these premises, the objectives of 
this research were: 
1. Examine the efficiency of a bench-scale ultrasonic system to disintegrate the corn 
particles in raw and cooked corn mashes at different power inputs; 
2. Investigate the efficiency of ultrasound to release fermentable sugar from raw and 
cooked corn mashes at different power inputs; and 
3. Study the effects of ultrasound on enzyme denaturing and degradation. 
 
MATERIALS AND METHODS 
Corn slurry samples and enzymes 
Corn slurry samples: raw and cooked were obtained in chilled containers from Midwest Grain 
Processors (MGP) and Lincolnway Energy dry grind corn ethanol plant, Lakota, IA and Nevada, 
IA respectively.   Raw corn slurry was obtained from the plant’s slurry mash cooking system 
where ground corn, hot water and a partial amount of alpha-amylase enzyme were mixed to 
form the slurry.  Cooked corn slurry samples were obtained after the addition of the alpha-
amylase and treatment through a jet steam cooker.  All the samples were stored at 4°C prior to 
use to reduce enzyme activity.  Once the samples were received, two types of enzymes were 
studied, namely STARGENTM 001 (456 GSHU/g) from Genencor International (Palo Alto, CA) 
and Amyloglucosidase (300units/ml) made by Aspergillus niger from Sigma-Aldrich (St. Louis, 
MO).  STARGENTM 001 enzyme was used in raw corn slurry experiments while gluco-amylase 
from Sigma-Aldrich was used in cooked corn slurry experiments.  STARGENTM 001 enzyme 
contains Aspergillus kawachi alpha-amylase expressed in Trichoderma reesei and a 
glucoamylase from Aspergillus niger that function synergistically to hydrolyze starch into 
glucose.  
 
Ultrasonic Treatment and Incubation 
Raw and cooked corn slurry samples were sonicated using a Branson 2000 Series bench-scale 
ultrasonic unit at for 20 and 40 seconds. The system has a maximum power output of 2.2kW 
and operates at a frequency of 20 kHz.  Sonication tests were carried out at three different 
power input levels: low, medium and high.  Initial sonication tests were conducted with 10 ml of 
corn slurry sample mixed with 25 ml of acetate buffer (to maintain a pH of 4.3) and 0.05 % (v/v) 
of enzyme for a total volume of approximately 35 ml in a 50 ml polypropylene centrifuge tube. 
Enzymes were added to corn slurry samples after sonication (SA) or during sonication (SD). 
The control samples were not subjected to sonication.  The experimental plan is summarized in 
Table 1.  After sonication, samples were incubated for 3 hours in a rotary shaker at 100 rpm and 
32°C. All tests were conducted in triplicates with different batches.   
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Table 1 Experimental plans 
 
Sample 
Nomenclatures  
Power Inputs (Watt) Experiments 
Control 0 Raw or cooked corn slurry with enzyme 
Low  274±5 
SA20/SA40 
Raw or cooked corn slurry with enzyme addition after 
sonication for 20 or 40 seconds  
Medium  350±5 
SD20/SD40 
 
High 
  
475±15
 
Raw or cooked corn slurry with enzyme addition 
during sonication for 20 or 40 seconds  
 
It is important to note that the reported power levels in Table 1 are the average values during 
sonication based on the initial and final power levels indicated by the power supply. The static 
power, so called in “air power” (Pair) was subtracted from these values prior to energy 
calculation.  The static power is the power required to run the system in an unloaded condition 
(in air).  The power levels were varied by varying the amplitude at the horn tip through PWD 
(Pulse width modulation) voltage regulation to the converter, see Table 1. The horn was a 
standard 20 kHz half wavelength catenoidal titanium horn with a flat 13 mm diameter face 
(gain=1:8.0).  After sonication, samples were incubated for 3 hours in (Labline Incubator and 
Shaker Model -3525), shaking at 100 rpm and maintained at 32°C.   
 
Analytical procedures  
Upon harvesting the samples, 10% (v/v) 4M HCl Tris buffer (pH 7) was added to terminate the 
enzyme activity.  Samples were centrifuged at 10,000g for 20 min and then sieved through a US 
standard mesh screen number 200.  Supernatant was then analyzed for glucose formation, 
which was determined by a modified DNS method (Miller, 1954). A sample size of 100 µl was 
removed from the batch ~35 ml, then mixed thoroughly with 1ml of DNS reagent.  The DNS 
reagent consisted of 0.25g of 3,5 dinitrosalicylic acid; 75g sodium potassium tartrate; 50ml 2M 
NaOH; and distilled water up to 250ml.  The solution was heated to 100°C for 10min, cooled in 
an ice bath, then measured for irradiance absorbance at 570 nm in spectrophotometer 
(ThermoSpectronic Genesys 2 – model W1APP11(Thermo Fisher Scientific, IL) ).  Glucose 
concentrations were calculated from calibration graphs obtained using absorbance data for 
standard solutions of D-glucose reacted with DNS reagent as above. 
Particle size distributions were measured with a Malvern particle size analyzer wet module 
(Hydro 2000MU).  Scanning electron microscopy SEM) of the sonicated sampleswas used to 
inspect the samples. Samples were fixed with 3% glutaraldehyde (w/v) and 2% 
paraformaldehyde (w/v) in 0.1M cacodylate buffer (pH 7.2) for 48 hours at 4°C.  Samples were 
rinsed 3 times in this buffer and post-fixed in 1% osmium tetroxide for 1 hour, followed by two 5-
minute washes in buffer.  The samples were then dehydrated in a graded ethanol series up to 
100% ultra-pure ethanol followed by substitution into hexamethyldisilazane and allowed to air 
dry. When dried, the samples were placed onto carbon adhesive coated aluminum stubs, 
sputter coated (Denton Desk II sputter coater, Denton Vacuum, LLC, Moorestown, NJ) with 
palladium/gold alloy (60/40), and imaged using a JEOL 5800LV SEM (Japan Electron Optics 
 5 
Laboratory, Peabody, MA) at 10kV with a SIS ADDA II for digital image capture (Soft Imaging 
Systems Inc., Lakewood, CO). 
   
All the experiments were done in duplicate and the analysis was done in triplicate. 
 
Energy Dose 
Ultrasonic dose is the amount of energy supplied per unit volume of corn slurry and is 
expressed as Ws/ml or J/L (J/ml or kJ/ml) [ML-1T-2].  As long as the solids content remains fairly 
constant, the ultrasound dose is a practical method of expressing the energy input for the 
disintegration of corn slurry on a volume basis. The ultrasonic dose was estimated using the 
following relationship: 
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The total energy dissipated (Ein) into each sample was calculated based on the average power 
and sonication time ( ∫= fttin PdtE 0 ~Ein=Pavg t), where t0 and tf are the initial and final times during 
sonication.  The total energy delivered from sonication (energy out, Eout) was calculated based 
on the chemical energy of the additional glucose produced compared to the control group.  In 
more detail, the change of glucose mass yield compared to the control group was calculated 
and the energy of the glucose was estimated by assuming an energy density of 15,992 kJ/Kg 
for glucose if fully oxidized.  The overall efficiency (Eff) of sonication was calculated based on 
the ratio of the energy balance as detailed below; 
 %100x
E
EE
Eff
in
inout −=  
Results and Discussion  
Glucose Yield 
Glucose yield results of raw corn slurry samples are seen in Figure 1. Because all the 
experiments were completed in batch experiments, the comparisons were only made in relation 
to the control of that batch in order to eliminate error associated with continuous enzymatic 
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reactions.  For example, the glucose yield of the lower power group can only be compared to 
the control of lower power group. It is seen that the highest glucose yield was obtained by CEU 
40 in both low and medium power input with 32% and 27%, respectively.  However, the glucose 
yield dropped 22% with the CEU 40 at the high power setting.  A similar trend was detected with 
the CEU 20 which dropped 11% in glucose yield. While a number of factors could have 
accounted for these decreases in glucose yield, it is believed to be due to the localized heating 
which resulted in thermal degradation and denaturing of the enzymes during the sonication.  
This theory is in agreement with data that shows without the enzymes, ultrasonic treatment 
enhances glucose yield independent power settings. While with the enzyme present, the 
glucose yield is reduced at the higher power setting. Thus, for optimum glucose yield, sonication 
time is dependent on the substrate being treated. It is important to note that with the standard 
reaction chamber, it was observed that at the final temperature of the treated sample was 
proportional to the power setting and treatment time. 
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Figure 1 Glucose yield of raw corn slurry at varying power input levels 
  
Figure 2 shows the relative glucose increase for the cooked corn samples. Because α-amylase 
was added at the ethanol plant, only gluco-amylase (Sigma Chemicals) was added in the 
laboratory. Again, it is important to note that because the various power setting groups were 
tested as batches, only the individual groups (powers) can be compared to eliminate any error 
caused by continuous enzymatic reactions. In these studies the highest glucose yield increase 
achieved in the CEU 40 group at low and medium power input was approximately 30%.  These 
results are similar to the results obtained with the raw corn samples. However, there was a 60% 
drop in the glucose yield with high power sonication.  In addition, the CEU 20 group at high 
power sonication had a positive yield increase of 23%, which was not observed in the raw corn 
slurry experiments nor is this observation clearly understood.    
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Figure 2 Glucose yield of cooked corn slurry at varying power input levels 
 
Particle Size Distribution 
As previously detailed, in order to characterize the effect of ultrasonic treatment on particle size, 
various samples were treated and the resulting particle size compared to untreated samples 
(control group). As seen in Figure 3, the particle size reduction was from 800 µm to 
approximately 50µm. It is also seen that that the particle size reduction is proportional to power 
and sonication time. For example, at the shorter sonication time and lower power setting, there 
are few particles as small as 100 µm however at the higher power setting there is a significant 
distribution of particles with an average diameter of 10 µm. The particle size reduction at the 
higher power levels and longer sonication times is in agreement with the previous results that 
showed at similar conditions, there is an increase in glucose yield.  It is interesting to note that in 
all experimental groups, there are three inflection points at 50, 120 and 800 µm.  The original 
inflection point (800 µm) is expected since this corresponds to the initial particles and represent 
particles that were not effected.  It is believed that the second to inflection points correspond to 
cell morphologies of the corn.  For example, the 50 µm particles are probably individual starch 
grains and the 120 µm particles are probably clusters of these grains as well as residual cell 
mater. 
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Figure 3 Particle size distribution for (a) low (b) medium (c) high Power setting (Raw corn slurry; 
Sonication time 20 sec). 
 
Scanning Electron Microscopy (SEM) 
The SEM results were also in agreement with the glucose yield results and particle size 
distribution studies. For example Figure 4a, shows an SEM picture of untreated corn slurry 
without saccharification. An abundance of intact cells are seen. Seen in the center of the 
picture, there is a cell that appears nearly fully intact, and there is a starch grain confined within 
the cell. However, the treated samples Figure 4b, show a nearly complete disintegration of cells. 
There is abundance of fragmented cell material and several micropores within the disintegrated 
corn particles. It is important to note that there is a five-fold magnification difference between the 
two figures. At the same magnification, the treated sample appears as indistinguishable 
particles. This is in agreement again with the glucose yield with confiscation. 
 9 
 
Figure 4 SEM images of corn slurry: (a) raw corn (control); (b) raw corn sonicated (40 seconds); 
(c) cooked corn (control); (d) cooked corn sonicated (40 seconds). 
 
Temperature Controlled Ultrasonication 
The initial sonication tests conducted with polypropylene test tube showed a significant increase 
in temperature of the corn slurry due to limited surface area to volume ratio and the inherent low 
thermal conductivity of the base material (< 0.2 W/m K).  In addition there appeared be to 
significant attenuation of energy within the plastic tube itself. Thus, additional experiments were 
conducted with a specially designed glass reaction chamber as shown in Figure 5 to examine 
the effect of temperature on glucose yield. The reaction chamber had a higher surface area to 
volume ratio and high thermal conductivity (>0.9 W/m.K). In addition the new design also 
promoted more turbulence due to slurry flow through heat exchanging veins (as shown in Figure 
5). During the experiments, the temperature of the corn slurry was measured before and after 
sonication in order to determine the temperature increase (∆θ) during sonication. The 
temperature of the inlet water was approximately 10°C.  
 
Figure 5 Schematic of glass reaction chamber 
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During preliminary experiments, it was found that the dissipated power was not consistently 
proportional to the set amplitude. For example Figure 6 shows the dissipated power (35 ml 
water load) in the glass chamber.  It is seen that below an amplitude of 191 µm, the power is 
proportional to amplitude, however, above that value there is an inflection point.  It is believed 
that this is due to excessive motion/agitation of the water that causes decoupling between the 
water and horn reducing the transmission of energy/power from the horn to the water.  Further 
increasing of the amplitude continues to increase the power dissipation as expected.  This is an 
important observation when interpreting the results of the glucose yield with the glass chamber. 
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Figure 6 Power dissipation in the glass chamber as a function of amplitude w/35 ml water load 
Figure 7 shows the results of the relative glucose yield at various power settings for the cooked 
corn slurry in the glass reaction chamber.  It is seen that the relative glucose yield was as high 
as 27% with temperature increase (∆θ) of less than 5°C during 40 seconds of sonication at the 
lower power input.  Thus, it is believed that the increase in glucose yield of ultrasound 
pretreated samples was not attributed by the thermal effects; but was related to particle size 
reduction and better mixing due to streaming effects. As expected, the relative temperature 
increase was in direct proportion to power input and sonication time.  It is important to point out 
that the power dissipation in the glass reaction chamber was between 50 to 75% of the power 
dissipation in the plastic reaction chamber for all experiments.  For example, with the plastic 
reaction chamber at the medium power setting, the dissipated power was 320 W while with the 
glass reaction chamber the power was only 200W.  It is believed that the chamber geometry as 
well as the mechanical impendence of the base material may have contributed various levels of 
attenuation.  The sugar yields did not improve for corn slurry samples with prior enzyme addition 
at the higher amplitude.  This suggests the possibility of enzyme denaturation at higher power 
input.  Thus, low power inputs appear to be ideal for simultaneous sonication, and liquefaction 
and saccharification.  The medium power setting did not show an improvement in the glucose 
yield until the longer sonication times were used with the enzymes present.  This suggests that 
there is a non-linear relationship between power and glucose that is not fully understood at this 
time. 
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Figure 7 Relative glucose yield with high power setting with glass reaction chamber (cooked 
corn slurry) 
Even more promising results were observed for the raw corn slurry. As seen in Figure 7, the 
relative glucose increase was above 30% for several of the conditions tested.  The higher sugar 
yield with raw corn slurry compared to the cooked corn slurry is probably related to the fact that 
during cooking there is already some reduction in corn particle size.  Thus, there is less 
opportunity for the ultrasonic pretreatment to further reduce the particle size. For most of the 
conditions, the temperature increments were between 3.3 to 7.9oC.  
Energy balance  
As seen in Figure 8 the overall efficiencies of the glucose yield for raw corn ranged from 70% to 
125% depending on the treatment. It is important to note that an efficiency greater than 100% 
indicates the additional energy of the sugar produced exceeds the energy introduced during 
sonification.  However, it is seen that at lower treatment times, the efficiency is generally better 
compared to higher power settings and longer treatment times.  
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Figure 8   Sonification efficiency for raw corn slurry 
Conclusion 
From these studies there is evidence that ultrasonic pretreatment of corn slurry resulted in a 50-
fold reduction in corn particle size and improvement of the sugar yield by 30%. The total energy 
balance of the ultrasonic treatment appears to have a 1:2.0 ratio.,i.e. for each Joule of ultrasonic 
energy dissipated in ultrasonic treatment, there is a release of 2 Joules of energy in terms of 
available glucose. Thus in summary integration of high power ultrasonics in dry corn milling has 
the potential to significantly improve ethanol yield and reduce the production cost of ethanol. 
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